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SUMMARY 

Ground-based heat treatment tests are planned on an argon gas-filled tantalum cartridge developed as part 
of a Diffusion Processes in Molten Semiconductors (DPIMS) experiment conducted on NASA’s Space Shuttle. 
The possibility that the cartridge may creep during testing and touch the furnace walls is of real concern in this 
program. The present paper discusses the results of calculations performed to evaluate this possibility. Defor- 
mation mechanism maps were constructed using literature data in order to identify the creep mechanism 
dominant under the appropriate stresses and temperatures corresponding to the test conditions. These results 
showed that power-law creep was dominant when the grain size of the material exceeded 55 pm but Coble 
creep was the important mechanism below this value of grain size. Finite element analysis was used to ana- 
lyze the heat treatment trials assuming a furnace run away condition (which is a worst case scenario) using 
the appropriate creep parameters corresponding to grain sizes of 1 and 100 pm. Calculations were also con- 
ducted to simulate the effect of an initial 3° tilt of the cartridge assembly (the maximum possible tilt angle). 
The von Mises stress and strain distributions were calculated assuming that the cartridge was fixed at one end 
as it was heated from ambient temperature to 1823 K in 1.42 h, maintained at 1823 K for 9.5 h and then further 
heated to an over temperature condition of 2028 K in 0.3 h. The inelastic axial and radial displacements of the 
cartridge walls were evaluated by resolving the von Mises strain along the corresponding directions. These 
calculations reveal that the maximum axial and radial displacements are expected to be about 2.9 and 
0.25 mm, respectively, for both fine and coarse-grained materials at 2028 K. It was determined that these dis- 
placements occur during heat-up to temperature and creep of the cartridge is likely to be relatively insignifi- 
cant irrespective of grain size. Furthermore, with a 3° tilt of the cartridge, the deflection is increased by only 
0.39 pm which is negligible. Since the gap between the furnace heating elements and the cartridge is about 
7.5 mm and less than the maximum radial dilation of 0.25 mm at 2028 K, it is concluded that the cartridge is 
unlikely to touch the furnace walls during the experiments. 


INTRODUCTION 

The Diffusion Processes in Molten Semiconductors (DPIMS) experiments were conducted on the first 
Materials Science Laboratory (MSL-1) payload flight of the Space Shuttle Columbia in 1997. The DPIMS 
experiment measures the diffusion of germanium at several temperatures using the shear cell technique. Graph- 
ite shear cells were enclosed in tantalum cartridges and manually rotated first to align the diffusion columns to 
begin the diffusion process and later to shear each segment from its neighboring segment, ending the diffusion 
process (Fig. 1). Prior to flight, these same experiments were conducted in an identical facility on the ground 
so as to distinguish the role of convection on the diffusion process and to verify the feasibility of the hardware 
design. In these on-ground tests, each shear cell was rotated against it’s graphite tab-stop to precisely align the 
diffusion columns and later counter-rotated to a tab-stop indicating complete shearing of the shear cell seg- 
ments. In these earlier ground-based tests, the cartridge-shear cell assembly was vertically aligned with the 
furnace orientations such that the cartridge boss was on top. 

During the course of the Space Shuttle experiments, it was observed that the graphite shear cells within 
the tantalum cartridge failed to operate satisfactorily despite previous success in ground-based trial runs. The 
Shuttle crew found the torque for rotating the shear cells in space to be very much greater than that experi- 
enced during the ground experiments. The Shuttle crew unable to feel the resistance offered by the tab-stops 
and the shear cells were over rotated. Upon disassembly of the DPIMS cartridge after return to earth, it was 
discovered that the tabs were still intact and instead, the tantalum rotation tubes and the 304 stainless steel 
drive shaft had twisted. 
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Figure 2. — Temperature-time profiles for the proposed 
ground-based experiment to be conducted at 
1273 K and for a worst -case in-flight scenario with 
an over temperature condition. 


In order to identify the cause of the problem, heat treatment tests are planned on earth, where the cartridge 
containing the graphite shear cells will be heated from room temperature to 1273 K (1000 °C) and maintained 
at this temperature for 13 hr and 16 min. The cartridge will be heated in the furnace in an up-side down posi- 
tion so that the gravitational force due to the weight of the cartridge-shear cell assembly will act on the 
rotation mechanisms. In this configuration, the cartridge boss will be at the bottom. Figure 2 shows the 
temperature-time profile of the furnace, where T is the absolute temperature and t is time. Two temperature- 
time profiles are given: (a) the proposed on-earth test profile at 1273 K and (b) the worst case in-space flight 
scenario assuming a furnace over temperature situation. The cartridges were back-filled with high purity argon 
gas at 0.10 MPa (1 atm) pressure at room temperature. The design of the cartridge-boss assembly allows free 
passage of gas between the cartridge and the boss so that the gas is expected to expand from the cartridge to 
the boss when it is heated to 1273 K (1000 °C) for the ground-based test and to 2028 K (1755 °C) for the in- 
flight over temperature conditions. 
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In this study, the worst possible in-flight condition of a run away furnace is considered (Fig. 2). An initial 
heat-up to 1823K (1550 °C) in 1.42 h is assumed first, followed by a hold for 9.5 h at 1823 K with a final over 
temperature of 2028 K within half an hour before the final shut down of the furnace (Fig. 2). Calculations by 
Santoro [1] showed that the gaseous pressures at 1823 and 2028 K were about 0.12 MPa (1.14 atm) and 
0.13 MPa (1.27 atm), respectively. As a result of the expansion of the gas during heat-up to 1823 and 2028 K, 
the cartridge will be under a multiaxial stress state. These gas-pressure induced stresses will act to dilate the 
cartridge in the axial and radial directions. The axial stress will be countered by the weight of the cartridge, 
W, acting in the opposite direction. An additional analysis is conducted to determine the effect of the stress 
due to the weight of the shear cell when the cartridge is tilted by 3°, which is the maximum amount it can tilt 
due to misalignment. Figure 3 shows the free body diagram of the tilted cartridge with the forces acting on it, 
where F„. is the radial force, F zz is the axial force and F 00 is the tangential force. 


STATEMENT OF THE PROBLEM AND OBJECTIVES 

The purpose of this study is to theoretically determine if the cartridge assembly will undergo a large 
enough deflection of the cartridge walls to cause them to touch the furnace heating elements during the course 
of the ground-based test. Three factors can cause the walls of the tantalum cartridge to bulge out and/or slump 
against the furnace heating elements: thermal expansion, creep due to the gas pressure and the weight of the 
cartridge-shear cell assembly, and tilt forces arising from the noncoaxiality of this assembly and the furnace. 
Therefore, the objectives of this paper are: 

(a) To identify the dominant creep mechanism using deformation mechanism maps for tantalum. 

(b) To evaluate the magnitudes of the axial and the radial displacements for the in-flight temperature-time 
profile with a run away furnace condition (Fig. 2). It should be noted that this analysis includes the 
worst case scenario. The planned ground-based tests will be conducted at a much lower temperature of 
1273 K, where the displacements are expected to be much less than the values estimated in this 
paper. 


APPROACH 

The present analysis considers the probable effects of the weight of the tantalum cartridge and gas ex- 
pansion on the axial and radial displacements of the cartridge at the test temperature. An initial study was first 
conducted to analyze the buckling load required to collapse the tantalum cartridge-shear cell assembly under 
it’s own weight assuming that it was co-axial with the furnace. The equation for the Euler buckling load, W, is 
given by [2]: 


W = Cjc 2 EI / L 2 (la) 

where E is Young’s modulus of the tantalum cartridge, I is the moment of inertia, L is the length of the car- 
tridge, and C is a constant function of the end constraint. (C = 1 for a simply supported tube, and 4 for a tube 
with clamped-ends). For a tube, I = 7t(R av ) 3 ti [2], where R av is the average radius of the cartridge, and t, is the 
thickness of the cartridge so that the buckling stress acting on a cross-sectional area, A = 2n R av t, [2], of the 
cartridge is 


W/ A = Cjt 2 E/(L/R av ) 2 


(lb) 


Substituting the parameters of the tantalum cartridge at a temperature of 2000 K in equation (la), the load 
required to buckle the cartridge will be equal to 116,750 Kg, assuming that E = 1.32xl0 5 MPa at 2000K, 

R av = 14.4 mm, t, = 1.21 mm, L = 158.9 mm, and C = 1. This load of 116,750 Kg is much larger than the weight 
of the tantalum cartridge of about 0.58 Kg. It should be noted that the weight of the tantalum cartridge exerts 
an axial compressive stress, ct, of less than 0.1 MPa, which is negligible to cause significant creep. The other 
dominant stress components are due to the gas pressures. The axial, C ZI , hoop, a ee , and radial, a n , stresses in a 
hollow cartridge are given by 


o zz — p;Rj / 2t] 


(2a) 
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Figure 3. — Free body diagram of the cartridge tilted 
by 0°. is the axial force, F^ is the radial force, 
Fee is the tangential force, and W is the weight of 
the cartridge-shear cell assembly. 
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°ee _ Pi^i / *i 


(2b) 


= - Pi (R i /R) 2 - Po [l-(R i /r) 2 


(2c) 


where ft is the internal gas pressure, p 0 is the exterior gas pressure, r is the radius of the cartridge at any arbi- 
trary point, Rj is the internal radius of the cartridge, and R 0 is the outer radius of the cartridge. In the present 
case, p Q = 0 at R = Ro and the pressure, p, is p = p at R = R, so that equation (2c) reduces to 

(V = ( Pi / 2t,)[l — (2R 2 / R 2 )(l +2t, / Ri)] (2d) 


The von Mises stress, 0 ( . ff , is then given by 


CT eff - 


|{(°rr-°ee) 2 +Ke 



(3) 


In order to evaluate the creep effects on the dimensions of the cartridge, it was necessary to identify the 
creep mechanism that is likely to be dominant under the test stresses and temperatures. Since some creep 
mechanisms are dependent on grain size, identification of the dominant creep process was conducted by con- 
structing a deformation mechanism map [3-5], Three creep mechanisms were considered. The creep rate, £, 
for power-law creep is given by [6] 


8 = A(D oI Gb / kT)(o eff / G) n exp(-Q, / RT) (4) 

where A is a dimensionless constant, D 0 , is the frequency factor for lattice self-diffusion, G is the shear modu- 
lus, b is the Burgers vector, k is Boltzmann’s constant, n is the stress exponent, Q, is the activation energy for 
lattice self-diffusion and R is the universal gas constant. For Nabarro-Herring creep, the creep rate is given by 
[4] 


8 = 28(D ol Gb / kT)(b / d) 2 (a eff / G)exp(-Q, / RT) (5) 

where d is the grain size. The creep rate for Coble creep is given by [4] 

e = 66.8(D ogb Gb / kT)(b / d) 3 (a eff / G)exp(-Q gb / RT) (6) 

where D ogb is the frequency factor for grain boundary diffusion and Q gb is the activation energy for grain bound- 
ary diffusion. 

The deformation maps were constructed by equating the three creep rate equations to obtain the bounda- 
ries where the creep rates of the two adjacent mechanisms will be identical [4,5]. The range of stresses and 
temperatures corresponding to the in-flight conditions that the cartridge is expected to experience are marked 
on the maps, and the parameters for the corresponding creep mechanism was fed into the finite element 
analyses (FEM). Steady-state creep was assumed to be dominant and primary creep was ignored in order to 
simplify the calculations so that the present results are probably an overestimate of the actual dilation of the 
cartridge. 


MATERIAL DATA 

The cartridge is made of pure tantalum and the material specification data supplied by the manufacturer 
are given in Table I. The material from lot number 80557 was used in the actual space flight experiments 
whereas that from lot 80608 was used in earlier ground-based pre-flight experiments. The physical properties 
and the creep parameters for this metal have been documented elsewhere [3,7] and they are given in Table II. 
These data were used for constructing the deformation mechanism maps as well as in the finite element calcu- 
lations. The grain sizes for the two lots of material were not supplied by the manufacturer. It should be noted 
that the deformation maps are extremely sensitive to the quality of data used. 
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TABLE I — CHEMICAL COMPOSITION IN (WT) PPM AND DIMENSIONS OF THE 
TANTALUM MATERIALS 


Material supplier 

Lot 

number 

Description, 

mm 

Chemical composition 




mm 

mm 

o 

rc 

H 

N 

o 

Cabot Performance Materials 

80557 

952.5 x 952.5 x 3.2 

<5 


<5 



<5 

<10 

15 

Cabot Performance Materials 

wmM 

482.6 x 482.6 x 3.2 

<5 

■(Til 

<5 

mem 

KUil 

1 

<10 



Note: The cartridges were seamless drawn from these materials by B-J Enterprises, Inc. The cartridges were annealed after 


fabrication. 


TABLE II.— DATA USED IN THE FEM CALCULATIONS AND IN THE 
CONSTRUCTION OF THE DEFORMATION MECHANISM MAPS 
FOR TANTALUM 


Description 

Magnitude 

Reference 




b 

2.86x10°° m 

[3] 

k 

1.38x10 23 JK 1 

[3] 

R 

” 83xl0 3 kJ mol 'K 1 

[31 

T 

3271 K 

[3] 

G 

6.12xl0 5 [l -0.42(T-300)/327 1 ] (MPa) 

pi 

- - 

2.0X1O 4 m 2 s' 1 ““ 

pi 

Q«h 

280 kJ mol 1 

[3] 

Dqi . _ 

L2xlO* 5 m 2 s 1 

[3] 

Q. 

413 kJ mol -' 

pi 

n 

42 

pi 

CTE (293-2200 K) 

6.3-10.7x10^ 1 

[7] 

V 

0.35 

[83 


DEFORMATION-MECHANISM MAPS 

The deformation maps were constructed by plotting the normalized stress, a cff /G, against the inverse of the 
homologous temperature, T m /T, where T ra is the absolute melting point, for a constant grain size using the pro- 
cedures described elsewhere [4,5]. Since the grain sizes of the tantalum sheets were unknown, three maps 
were constructed using grain size values of 10 (Fig. 4(a)), 55 (Fig. 4(b)) and 100 (Fig. 4(c)) pm in order to 
determine if there is any change in the rate-controlling creep mechanism with decreasing grain size. It was felt 
that this procedure would allow the finite element analysis to be extended to a larger range of grain sizes, if 
necessary. The boundaries between two creep mechanisms represent regions of the o eff /G- T m /T space, where 
the creep rates are identical for the two processes. The range of operating conditions corresponding to the test 
runs are marked on the maps. An examination of Figs. 4(a) to (c) reveals that map boundaries shift to higher 
values of a eff /G and T m /T with decreasing grain size. It is clear from Fig. 4 that for grain sizes less than 
55 pm. Coble creep is the dominant creep mechanism, while power-law creep is dominant above this critical 
value of grain size. However, contributions from Nabarro-Herring creep are relatively small. 

Having gained some insight on the dominant creep mechanism for the test conditions, it is sufficient to 
conduct the FEM analysis assuming that the grain size in the material is above 1 pm. It should be noted that 
the actual grain size in the material is likely to far exceed 1 pm. As demonstrated in Fig. 4(b), Coble creep 
becomes important only when d < 55 pm so that the present FEM calculations for a value of d = 1 pm repre- 
sent the maximum expected axial and radial displacements when Coble creep is dominant. Above d >55 pm, 
power-law creep is the dominant mechanism and the FEM calculations are independent of grain size. 


FINITE ELEMENT ANALYSIS 

Finite element analysis was conducted using ABAQUS, which is a commercially available software, 
where the cartridge was considered to be fixed at the end adjoining the boss and completely free to expand at 
the end adjoining the graphite felt (Fig. 5). The spatial orientation of the FEM mesh with respect to the car- 
tridge-boss assembly is depicted in Fig. 5. Two models were used in the analysis assuming the worst case tem- 
perature-time profile. The first model was a three dimensional analysis to simulate the effect of the tilt of the 
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Figure 4. — Deformation mechanism maps plotted as 
normalized stress, tr/G, against the inverse of the 
homologous temperature, T^/T, for grain sizes of 
(a) 10 pm, (b) 55 pm, (c) 1 00 |im. 
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cartridge by 3° (Fig. 6(a)). This model is deemed relatively crude but a good first approximation. The second 
model was an axisymmetric analysis, where only a radial cut-off need to be considered which considerably 
reduces the computational time. Computations were conducted for grain sizes of 1 and 100 pm using the Coble 
and power-law creep parameters for d < 55 [ini and d > 55 pm, respectively. The materials data for these cal- 
culations are given in Table II [3,7,8]. The coefficient of thermal expansion (CTE) for tantalum was obtained 
from published data [6]. The FEM simulated the worst case scenario of the in-flight experiment, where the car- 
tridge is heated from ambient temperature to 1 823 K in 1 .42 h, maintained at 1 823 K for 9.5 h and then further 
heated to an over temperature condition of 2028 K in 0.3 h (20 min) (Fig. 2). On reaching 2028 K, it was as- 
sumed that the furnace would shut-off and no further FEM calculations were conducted during the subsequent 
cool down period. The individual stress components determined from Eqs. (2a) to (c) were converted to the 
von Mises stress given by Eq. (3). The inelastic axial and radial displacements were evaluated by resolving 
the von Mises strain in the corresponding coordinate directions. 

The radial displacements determined by the three dimensional FEM analysis along the normalized axial 
direction of the tantalum cartridge are shown in Fig. 6(b) when heating it from ambient to the over temperature 
of 2028 K. The power law creep model was assumed in these calculations. In this analysis, the cartridge as- 
sembly was assumed to be tilted 3° from the vertical axis (Fig. 6(a)). The initial shaded area in Fig. 6(b) rep- 
resents the radial displacement of the cartridge due only to its thermal expansion along the normalized axial 
length, y/L, where y is an arbitrary axial distance and L is the cartridge length The hatched region shown in 
Fig. 6(b) enclosed by the broken line represents the radial displacement of the cartridge due to a maximum 
possible 3° tilt within the furnace. The maximum deflection due to the non-coaxial tilt of the cartridge is about 
0.39 pm at 2028 K. An additional radial displacement due to the gas pressure must also be considered. The 
total radial displacement along the normalized length of the cartridge due to the combined effects of thermal 
expansion, cartridge tilt and gas pressure are shown in solid line with a maximum value of about 0.25 mm. 

This value is well below the clearance of 7.5 mm between the tantalum cartridge and the heating elements 
even under the worst case scenario considered here. Hence, one can conclude that the cartridge is unlikely to 
contact the heating elements of the furnace at the intended ground-based test temperature of 1273 K. 

Figures 7(a) to (c) show the spatial distribution of the von Mises stress (Fig. 7(a)), the axial (Fig. 7(b)) 
and radial (Fig. 7(c)) displacements along the length and diameter of the cartridge respectively, at the end of 
the in-flight heat-up cycle shown in Fig. 2. These calculations assume that d = 100 pm and power-law creep is 
the dominant mechanism, and ignore contributions from the cartridge weight which was determined to be neg- 
ligible. The uncolored grid in Fig. 7 depicts the original position of the cartridge at ambient temperature, while 
the colored grid represents the final position after heat-up to 2028 K. The von Mises stress varies between 0 
and 1.5 MPa, where the maximum stress occurs close to the inside comers of the cartridge pig. 7(a)). As 
shown in Fig. 7(b), the axial displacement, U yy , varies between 0 and 2.9 mm. The radial displacement, U„, 
varies from 0 to 0.25 mm (Fig. 7(c)). Figures 8(a) and (b) show the corresponding distributions in the axial and 
radial strains, respectively. The magnitudes of these strains, which are about 1.7 percent, are relatively con- 
stant throughout the cartridge in both the axial and radial directions. 

A similar spatial distribution of the von Mises stresses (Fig. 9(a)), axial (Fig. 9(b)) and radial (Fig. 9(c)) 
displacements are observed when the grain size is 1 pm. A decrease in the grain size from 100 to 1 pm results 
in an increase in the maximum value of o cff by a factor of about 1.5 due to the dominance of the Coble creep 
mechanism. However, a comparison of the magnitudes of the axial (Figs. 7(b) and 9(b)) and radial (Figs. 7(c) 
and 9(c)) displacements for the 1 and 100 pm materials reveals that they are essentially the same. Again, the 
maximum axial and radial displacements are about 2.9 and 0.25 mm, respectively, thereby suggesting that 
thermal expansion is more important than creep-induced effects. 

Figures 10(a) to (c) show the development of the von Mises stresses at the middle of the cartridge for the 
fine and coarse-grained materials (Fig. 10(a)) and the axial (Fig. 10(b)) and radial (Fig. 10(c)) displacements 
of the cartridge walls during the in-flight temperature profile shown in Fig. 2. These values of stress and dis- 
placements correspond to the locations shown in Fig. 5. The von Mises stress is slightly higher for the material 
with a 1 pm grain size than for that with d = 100 pm (Fig. 10(a)). The maximum axial (Fig. 10(b)) and radial 
(Fig. 10(c)) displacements are identical for the materials with both grain sizes, thereby confirming that creep- 
induced effects are negligible. The maximum radial displacement of about 0.25 mm is smaller than the gap 
between the furnace heating elements and the cartridge, which is about 7.5 mm. Therefore, the cartridge is not 
expected to touch the furnace heating elements due to radial distortion irrespective of the grain size of the 
material and any small misalignment. 
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Figure 6. — (a) Schematic view of the three dimensional finite element cylindrical mesh representing a cartridge 
assembly tilted at 3° inside a furnace. The load, P, acts parallel to the y axis (i. e. parallel to the gravitational 
force) and the cylinder axis is tilted by 3° from the stress axis, (b) Variation of the radial displacement along 
the normalized axial length of the DPIMS cartridge. The speckled region represents radial displacement due 
to only thermal expansion; the hatched region represents the radial displacement due to the 3° tilt of the 
cartridge; and the solid curve represents the total displacement due to the combined effects of thermal 
expansion, tilt and gas pressure. 
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Tantalum cartridge 
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Figure 7.— Spatial distribution of (a) the von Mises stress, and the (b) axial and (c) radial displacements along the 
length and diameter of the cartridge at the end of the in-flight temperature-time profile shown in Fig. 2. The 
weight of the cartridge assembly was ignored in these calculations. The grain size of the tantalum cartridge 
was assumed to be 1 00 pm. 
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Tantalum cartridge 

d = 1 00 jim 
T = 2028 K 



Axial 

strain 

0.0166672 
0.0166652 
0.0166632 
0.0166612 
0.0166592 
0.0166572 
0.01 66552 
0.0166532 
0.0166512 
0.0166492 
0.0166472 
0.0166452 
0.01 66432 
0.0166412 
0.0166392 
0.0166372 



Figure 8. — Distribution of (a) the axial and (b) radial strain 
along the length and diameter of the cartridge at the end 
of the in-flight temperature- time profile shown in Fig. 2. 
The grain size of the tantalum cartridge was assumed 
to be 1 00 ^im. 
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Tantalum cartridge 

d = 1 00 [ivr\ 

T = 2028 K 




Radial 

strain 

0.0166585 
0.0166565 
0.01 66544 
0.0166523 
0.0166502 
0.0166482 
0.0166461 
0.0166440 
0.0166420 
0.0166399 
0.0166378 
0.0166358 
0.0166337 
0.0166316 
0.0166296 
0.0166275 



Figure 8. — Concluded. 
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Tantalum cartridge 2.39 

d = 1 pirn ■ 

T = 2028 K o ■ 



Figure 9.— Spatial distribution of (a) the von Mises stress, and the (b) axial and (c) radial displacements along the 
length and diameter of the cartridge at the end of the in-flight temperature-time profile shown in Fig. 2. The 
weight of the cartridge assembly was ignored in these calculations. The grain size of the tantalum cartridge 
was assumed to be 1 jim. 
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Figure 9— Continued. 
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Figure 1 0— Development of (a) the von Mises 
stresses at the middle of the cartridge (B‘ in Fig. 4), 
and the (b) axial and (c) radial displacements of the 
cartridge walls during the in-flight temperature pro- 
file depicted in Fig. 2. 
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SUMMARY AND CONCLUSIONS 


Deformation maps were constructed for three grain sizes in order to identify the dominant creep mecha- 
nism for the tantalum cartridge under an in-flight run away temperature condition. It is demonstrated that 
power-law creep will be dominant when the grain size exceeds about 55 p.m, while Coble creep will become 
important below this value of grain size. Using the creep parameters for these two mechanisms, finite element 
analyses were performed to simulate the run away DPIMS test conditions. These calculations reveal that irre- 
spective of the dominant creep mechanism and grain size of the material, the maximum axial and radial dis- 
placements are likely to be less than 3 and 0.25 mm, respectively. A tilt of the cartridge by 3° contributes only 
a maximum deflection of 0.39 |im at 2028 K. This radial deflection is smaller than the gap between the fur- 
nace heating elements and the cartridge, which is about 7.5 mm. Since the calculations made in the present 
study are for a worst case scenario, the conclusions are valid even for the intended ground-based test tempera- 
ture of 1273 K. The axial and radial displacements occur primarily due to thermal expansion, and creep- 
induced distortion of the cartridge is expected to be insignificant for the low values of the estimated gas pres- 
sures in the cartridge [1]. In conclusion, the cartridge is not expected to bulge out significantly in the 
radial direction and touch the furnace heating elements due to creep-induced effects even with a tilt of 3°. 
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